PERCUTANEOUS ELECTRICAL STIMULATION of human muscle can evoke direct muscle contractions by stimulating the terminal branches of motor axons, but it has also been found to produce reflex contractions resulting from stimulation of sensory fibers (4, 5) . Production of this extra contractile force is favored by the use of low-strength, wide-pulse-width, high-frequency stimulation, and its central origin was confirmed by its disappearance following proximal nerve block (4, 5) . As discussed below, a number of lines of evidence suggest that the reflex force depends in part on the activation of intrinsic excitatory currents in motoneurons. The therapeutic potential of this form of muscle stimulation has yet to be determined.
Graded control of muscle contractions normally depends on variations in the recruitment and firing rate of the pool of motoneurons innervating a particular muscle. Orderly and efficient recruitment of motoneurons within a pool results from a continuous gradation of the amount of synaptic current required to activate individual motoneurons, together with a match between the intrinsic properties of motoneurons and the muscle fibers they innervate that ensures that low-force, fatigue-resistant motor units are recruited before higher force, fatigable motor units (reviewed in Refs. 10, 18) . Under certain experimental conditions, motoneuron firing rate is a linear or bilinear function of the amount of injected or synaptic current above threshold (10, 18) . However, recent evidence suggests that under physiological conditions that include a significant, tonic neuromodulatory input to motoneurons, a significant portion of the excitatory current needed to recruit motoneurons and modulate their firing rates is derived from current flow through voltage-activated calcium and sodium channels on their dendrites. Activation of these channels by ionotropic synaptic inputs leads to additional persistent inward currents (PICs) that modify the relation between synaptic input and motoneuron output (7) .
One of the first demonstrations of the role of PICs in determining motoneuron discharge behavior was the observation of Hounsgaard and colleagues (9) that the discharge of ␣-motoneurons in the decerebrate cat often outlasted a short train of excitatory synaptic potentials produced by activating group Ia muscle spindle afferent fibers using low-strength repetitive activation of the muscle nerve. The afterdischarge could be terminated by hyperpolarizing the motoneuron, demonstrating that it resulted from an intrinsic, voltage-dependent property of the motoneuron rather than continued synaptic excitation through a reverberating interneuronal circuit. Brief excitatory inputs can trigger two types of afterdischarge: 1) if the background injected current or synaptic input is above threshold, an additional, brief excitatory input can toggle the firing rate to a higher level (bistable discharge), and 2) if the motoneuron is initially silent, the excitatory input produces continued discharge that outlasts the excitation [self-sustained discharge (11)].
Although the properties and function of PICs have been extensively described in a variety of reduced animal preparations, a convincing demonstration of their role in the activation of human motoneurons remains elusive, because their contribution to motoneuron activation can only be inferred from the characteristics of motor unit discharge or the pattern of muscle force development. There was early evidence that low intensity stimulation of the tibial nerve (14) could lead to sustained activity in human motoneurons; however, it was only after the demonstration of the PIC contribution to the discharge of motoneurons in animal preparations that systematic study of its potential contribution to human motoneuron activation began (7) . Recordings of activity in pairs of motor units during voluntary contractions have shown that a brief excitatory input can trigger recruitment and sustained discharge in a higher threshold motor unit even while the discharge of a lower threshold unit is only transiently increased (6, 12) . It also has been proposed (6) that paired motor unit recordings can be used to make a quantitative estimate of the PIC contribution to the recruitment of the higher threshold unit, based on the assumption that the firing rate of an early recruited (reporter) unit can be used as a measure of the synaptic drive to a later recruited (test) unit. If the test unit's discharge is augmented by PICs, more synaptic drive will be required to activate it than will be needed to sustain discharge, and the firing rate of the reporter unit will be higher when the test unit is recruited than when the test unit is derecruited. The magnitude of this difference is thought to be related to the PIC contribution to the recruitment of the test unit (6) . There are a number of factors that could influence this estimate, including saturation in the firing rate of the lower threshold unit, differences in synaptic drive to the two units, and a slow decline in PIC magnitude in higher threshold units (15) . It is thus appropriate to consider alternate methods of estimating PIC contributions to the excitation of human motoneurons.
Over the past several years, Gandevia, Collins, and colleagues (3) have performed a number of studies that suggest that PICs in motoneurons can make a substantial contribution to force development in human muscles. The characteristics of force production and motor unit discharge during and following a train of high frequency, wide-pulse-width percutaneous muscle stimuli are consistent with the characteristics of afterdischarge described above. Using a stimulation paradigm that includes a brief period (ϳ2 s) of high-frequency (100 Hz) stimulation in the middle of a longer train of 25-Hz stimulation, forces are higher following the high-frequency burst, which could reflect both bistable discharge (i.e., already recruited motor unit firing at a higher frequency following the burst) and self-sustained discharge (i.e., recruitment and sus-tained discharge in previously silent motor units). Although it was not possible to isolate single motor units during highfrequency stimulation, Collins et al. (4) reported recruitment and sustained discharge of motor units following the burst that in some cases could continue even after the end of the second period of low-frequency stimulation. The association of extra force with PIC activation in spinal motoneurons is also supported by the fact that comparable responses can be evoked in some spinal cord-injured patients, including those with apparently complete lesions (17) .
Subsequent studies have sought to determine how the reflex contribution to force varies with stimulation parameters and the particular muscle stimulated. The original study was performed on the triceps surae muscles, but later studies have shown that qualitatively similar effects can be obtained from the tibialis anterior (5) and wrist flexor muscles (1). The initial synaptic input responsible for triggering PICs is thought to be derived primarily from monosynaptic input from Ia muscle spindle fibers, because extra force can also be evoked by percutaneous nerve stimulation at strengths that should be fairly selective for these fibers (13) . However, it is not clear whether enhanced monosynaptic Ia input plays an essential role in evoking extra force, because enhanced H reflexes are associated with extra force in the triceps surae but not the tibialis anterior (13) . Furthermore, extra force can also be seen following a voluntary contraction, suggesting that the particular source of synaptic excitation is not critical (5) . An additional question is whether the contribution of PICs to motoneuron discharge is particularly prominent in postural muscles, where it can be used to maintain tonic activity associated with postural tasks (8) .
The Blouin et al. study (2) in this issue of the Journal of Applied Physiology seeks to address these questions by determining the effect of high-frequency percutaneous stimulation of the flexor pollicis longus (FPL), a small muscle with weak monosynaptic Ia input involved in the fine control of thumb flexion. For comparison, they also studied the production of extra force in the biceps brachii muscle, an elbow flexor muscle with a strong monosynaptic Ia input. They found that high-frequency stimulation at a range of different stimulation strengths evoked similar percentage increases in torque in the FPL and biceps, and they further showed that the extra force in FPL was centrally generated, because it could be eliminated by combined block of the median and radial nerves.
If the extra force produced by this stimulation paradigm is indeed a reflection of the contribution of PICs to motoneuron excitation, these results suggest that PICs may play an important role in a wide variety of movements, and are not limited to the control of lower limb motoneurons activated during walking and postural tasks (8) . However, now that production of extra force by this method has been shown to be a robust and widespread phenomenon, it would seem appropriate to examine its underlying mechanisms more carefully in an animal model. Although it is clear that in the decerebrate cat, high frequency activation of Ia afferents by nerve stimulation (9) or muscle vibration (16) can lead to prolonged motoneuron discharge mediated by PIC activation, it would still be useful to compare the effects of nerve and percutaneous muscle stimulation in this preparation. These studies could include characterization of the afferent fibers excited by muscle stimulation at various intensities, along with a comparison of the synaptic responses evoked by nerve and muscle stimulation, both at hyperpolarized potentials, so that PICs are not activated, and at potentials near the threshold for spike initiation.
As noted in the Blouin et al. study (2) , as well as in previous studies of centrally mediated "extra" force (cf. Ref. 3) , regardless of the exact underlying mechanisms, the stimulation technique has potential therapeutic advantages. Direct activation of motor axons by percutaneous muscle stimulation tends to activate motor units in an order that is the reverse of the normal recruitment order, so that high force fatigable motor units are activated first (19) . In contrast, the extra force evoked by wide pulse high frequency stimulation results in part from the reflex activation of motoneurons according the normal recruitment order, thus minimizing fatigue. Although this technique may therefore prove to be a good method to minimize disuse atrophy, it is not clear that it can be used for the effective control of contractions in completely or partially paralyzed muscles. In many cases the extra forces represent a relatively small percentage of the maximal output of the muscle, and the onset, magnitude, and duration of extra force exhibit a great deal of trial-to-trial variability.
In summary, the study of Blouin et al. (2) provides important new insights into the potential contribution of PICs in motoneurons to the graded control of muscle force. The challenge facing researchers in this field is to determine how PICs and ionotropic synaptic inputs interact to allow precise control of motoneuron recruitment and rate modulation in a wide array of behavioral tasks.
